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morphism (RFLP) markers (8, 16) . Recently, a dominant allele at a single locus or two tightly linked loci was reported to confer resistance to both races Ac2 and Ac7 of A. candida (17) .
In contrast to our knowledge of the genetics of resistance to A. candida in Brassica spp., information on the genetics of the pathogen is minimal and genetic studies were considered intractable due to the lack of a reliable method to germinate oospores. Liu and Rimmer (21) developed an efficient method to germinate oospores of A. candida and isolated metalaxyl-insensitive strains derived from Ac2 and Ac7. These developments provided an opportunity to analyze genetically the inheritance of cultivar specificity and metalaxyl resistance and to conduct other genetic studies of A. candida. Among oomycete pathosystems, most studies have been focused on heterothallic species such as Phytophthora infestans (29) , P. parasitica (10) , and Bremia lactucae (3, 14, 22, 24) . For homothallic oomycetes, where inbreeding is common, occasional outcrossing has been reported (11, 34) and used to produce F 2 progeny in which both avirulence genes and molecular markers segregated in a Mendelian fashion (31, 35) .
The use of molecular markers based on the polymerase chain reaction (PCR), such as random amplified polymorphic DNA (RAPD) (36) , is advantageous because it requires no prior information about genomic sequences and is simple compared with other molecular marker methods. RAPD markers are usually dominant because polymorphisms are detected as the presence or absence of bands. RAPDs were used successfully as genetic markers in genetic studies of oomycetes (11, 31, 35) . Amplified fragment length polymorphism (AFLP) markers also have been used for genetic analysis and genome mapping of both plants and pathogens (33) . AFLP markers are allele specific and the technique allows the simultaneous analysis of a large number of DNA bands per gel. No previous study has examined the usefulness of these markers for genetic analysis of A. candida. Thus, we produced two populations to determine the genetic mechanisms controlling avirulence in A. candida. They were derived from crosses MiAc2-B1 × MsAc7-A1 (Cross-1) and MiAc2-B5 × MsAc7-A1 (Cross-2). Because A. candida is homothallic, these two progeny populations were expected to consist of both selfed as well as hybrid spores. The main objectives of this study were to (i) identify F 1 hybrids by phenotypic screen and confirm them with RAPD markers, (ii) elucidate the genetic mechanism of avirulence of F 2 populations on B. rapa cv. Torch, and (iii) analyze the segregation of AFLP markers in F 2 individuals derived from two F 1 hybrids (Cr2-5 and Cr2-7) of Cross-2.
MATERIALS AND METHODS
Selection of fungal isolates. The pathogenic races of A. candida are defined phenotypically on a set of differentials from Brassica spp. (27, 28) . The most common races of A. candida in western Canada are Ac2 and Ac7. Ac2 was mainly virulent to B. juncea cultivars, whereas most Ac7 isolates were primarily virulent to B. rapa (28) . Both Ac2 and Ac7 were homothallic and were originally sensitive to metalaxyl (18) . To obtain metalaxyl-resistant isolates, sporangiospores of Ac2 and Ac7 were inoculated in the field plots that had been intensively treated with metalaxyl.
The parental isolates of A. candida used for genetic crosses in this investigation were collected from susceptible cultivars of B. juncea and B. rapa grown in Manitoba, Canada. Single-pustule isolates (SPI) from these collections were developed and tested for virulence to their respective susceptible hosts and for sensitivity to metalaxyl in vitro. Two metalaxyl-insensitive (Mi) isolates, MiAc2-B1 and MiAc2-B5, and metalaxyl-sensitive (Ms) isolate MsAc7-A1 were selfed for two generations on their respective susceptible hosts. Both MiAc2-B1 and MiAc2-B5 isolates belong to Ac2 of A. candida, and isolate MsAc7-A1 is Ac7. Furthermore, MiAc2-B1 showed identical background genotype to MiAc2-B5 when compared using RAPD primers (38) . In addition to the differences in their avirulence or virulence to B. juncea cv. Burgonde and B. rapa cv. Torch and their ability to show differential metalaxyl sensitivity in vitro (Table 1) , a specific representative of each race of A. candida had an ability to produce abundant sporangiospores and oospores on a susceptible host, and showed extensive DNA polymorphisms in RAPD analysis (38) .
Host materials. Crossing of fungal isolates. MiAc2-B1 and MiAc2-B5 were co-inoculated individually with MsAc7-A1 on the CS to obtain sexual recombinants. Approximately 50 plants at the beginning of the bud stage (growth stage 3.1) (12) were spray inoculated with zoospores (1 to 2 × 10 5 /ml) consisting of approximately equal proportions of one of the MiAc2 isolates and MsAc7. Inoculated plants were incubated in a mist chamber at 20°C for 48 h and were transferred to a growth chamber. Plants with deformed florets or racemes were moved into a greenhouse and grown under dry conditions to enhance formation and maturation of stagheads (plant hypertrophies caused by the pathogen). Stagheads containing numerous mature oospores were obtained 6 to 7 weeks after inoculation. Unless otherwise stated, oospores were germinated using the method described previously (21) . Suspensions of zoospores released from oospores were filtered through Miracloth (Calbiochem Corporation, La Jolla, CA) and inoculated onto cotyledons at a low inoculum concentration (1 to 2 × 10 2 zoospores per ml) to obtain SPI. To increase the frequency of sexual recombinants in MiAc2-B1 × MsAc7-A1 (Cross-1) or MiAc2-B5 × MsAc7-A1 (Cross-2) populations, inoculated cotyledons were sprayed with 200 mg a.i. per milliliter of metalaxyl 2 days after inoculation to eliminate selfed progeny of the metalaxyl-sensitive parental isolate, MsAc7-A1. SPI were collected from cotyledons before the epidermis of infected host tissue ruptured. To ensure genetic purity, each SPI was subcultured individually on cotyledons of their susceptible hosts for three asexual generations (with a new SPI collected and used to initiate each generation). The SPI obtained from the third generation were increased by subculturing for two more asexual generations to obtain sufficient zoosporangia for genetic analysis. Between 10 and 12 F 1 SPI were developed from each of the two putative crosses (co-inoculations), and zoosporangia collected from them were stored individually in gelatin capsules in glass screw-capped vials at -20°C. To obtain F 2 populations, oospores from the F 1 SPI were selfed on the CS and more than 50 F 2 SPI were obtained and increased from each F 1 SPI.
Testing specific virulence of F 1 progeny and F 2 populations. To identify F 1 hybrids, zoospores from the increased F 1 SPI were tested for their virulence to cvs. Burgonde and Torch. Hybrids from cross-fertilization between race Ac2 and Ac7 were expected to be virulent only on the CS if avirulence was dominant to virulence, or to be virulent to cvs. Burgonde and Torch as well as the CS if virulence was dominant to avirulence.
In our preliminary study and previous work (15), Burgonde showed variable intermediate interaction phenotypes whereas Torch was consistent when tested with different crosses of A. candida. As a result, Torch was selected and used as a host differential to analyze F 2 populations of A. candida. Two seeds of Burgonde, CrGC4-1 (B. juncea CS) and Torch, CrGC1-18 (B. rapa CS) were planted in each of three cells of 12-celled multipots containing Metromix (W. R. Grace and Co., Canada Ltd., Ajax, ON, Canada) and maintained in a growth room with day and night temperatures of 22 and 16°C, respectively, and a 16-h photoperiod. Inoculum was prepared by germinating zoosporangia in 1 ml of sterile, distilled water at 12°C for 4 to 5 h, and the concentration was adjusted to 1 × 10 5 zoospores per ml. Six-day-old seedlings were inoculated by applying a 10-µl drop of zoospore suspension on the adaxial surface of each cotyledon with an Eppendorf Repeater pipette (Brinkman Instruments Inc., Rexdale, ON, Canada). The inoculated seedlings were incubated for 24 h in a mist chamber and then returned to a growth chamber.
To test virulence, 12 seedlings of each cultivar were inoculated with parental isolates, F 1 progeny, and F 2 populations. All tests were carried out at least twice. The interaction phenotypes (IP) were assessed on each differential cultivar using a 0-to-9 scale 7 days after inoculation (37) . Interaction phenotypes of 0 (no visible observable infection), 1, 2, and 3 (cotyledons showing no sporulation with minute to small necrotic flecks on the adaxial surface) were classified as avirulent (incompatible) phenotypes, whereas IP between 4 and 9 (cotyledons showing scattered or coalescing pustules with some to extensive sporulation on the abaxial or adaxial surface) were considered virulent (compatible).
DNA extraction. DNA was extracted from freeze-dried sporangia of parental isolates, F 1 progeny, and 104 F 2 individuals from Cross-2 using the method described by Dellaporta et al. (4) . DNA was adjusted to a final concentration of 2.5 ng/µl and 25 ng/µl for RAPD and AFLP analysis, respectively.
Confirming F 1 hybrids with RAPD markers. To identify RAPD markers specific to the parents, we screened 300 commercially available RAPD decamer primers obtained from the University of British Columbia (UBC), BC, Canada. PCR reactions (20 µl) contained 4 µl of DNA (2.5 ng/µl), 2 µl of 10 mM dNTP mix (Amersham Pharmacia Biotech, Piscataway, NJ), 1.5 µl of 25 mM MgCl 2 (Promega Corp., Madison, WI), 2 µl of 10× PCR buffer (Promega), 1 unit of Taq DNA polymerase (Promega), 4 µl of 2 µM primer mixture, and 6.4 µl of sterile water (36) . All reactions were carried out in a PTC-200 thermocycler (MJ Research Inc., Waltham, MA). Each amplification cycle consisted of denaturation at 94°C for 1 min, annealing step at 37°C for 1 min, and extension step at 72°C for 2 min. After 45 cycles, an extra extension step was performed for 10 min at 72°C. The PCR products were separated by electrophoresis in 2% agarose gels with 0.5× TAE (0.02 M Tris, 0.0095 M glacial acetic acid, and 0.005 M EDTA, pH 8.0) buffer. A low-DNA mass ladder or a 1-kb ladder (Gibco, BRL, Burlington, ON, Canada) was used as a size marker. Gels were run at 3 V/cm and DNA bands were photographed. RAPD markers were named by UBC primer followed by the molecular size (in kilobase pairs) of each band. For example, UBC717 (2.8) is the 2.8-kb polymorphic band generated by primer UBC717.
Candidate polymorphisms were checked for reproducibility in several preparations of miniprep DNAs from the two parents. To confirm F 1 hybrids, the 10 F 1 progeny derived from Cross-2 (MiAc2-B5 × MsAc7-A1) were tested with RAPD primers UBC415, UBC733, and UBC792. For example, UBC415 detected two markers (2.0 and 1.0 kb) specific to the MiAc2-B5 parent and one marker (0.8 kb) specific to the MsAc7-A1 parent.
Segregation of AFLP markers in F 2 populations. Bulked segregant analysis (BSA) was performed to identify potential AFLP markers (23) . DNA from five avirulent and five virulent F 2 progeny were pooled to constitute avirulent and virulent bulks. AFLP analysis was conducted using AFLP Analysis System I, AFLP Start Primer Kit (Gibco-BRL, Life Technologies, Inc., Gaithersburg, MD), as described by Vos et al. (33) . Briefly, 10 µl of genomic DNA (25 ng/µl) of each parent and F 2 progeny was digested in a reaction volume of 25 µl with 2.5 U each of EcoRI and MseI restriction enzyme, and ligated to EcoRI and MseI adapters. The digested DNA, together with 2 pmol of EcoRI adapter and 20 pmol of MseI adapter, were ligated with 1 unit of T4 ligase. The ligation mix was incubated at 20°C for 2 h and then the enzyme was inactivated at 70°C for 15 min. The ligated product was diluted 10-fold in TE (10 mM Tris-HC, pH 8.0, 0.1 mM EDTA). Preamplification, primer labeling, and selective amplification was performed according to Vos et al. (33) . All reactions were carried out in a PTC-200 thermocycler (MJ Research Inc.). Each sample (3 µl) was loaded onto a 5% denaturing polyacrylamide-sequencing gel and run in 1× TBE (0.089 M Tris, 0.089 M boric acid, and 0.002 M EDTA) buffer at 90 W for 3 h. A 500-bp ladder (Gibco BRL) was used as a size marker. The gel was dried at 80°C for 2 h and exposed on X-ray film (Kodak Co., Toronto) at -70°C for 2 to 3 days, depending on the signal intensity. The AFLP bands were scored by visual inspection. AFLP loci were named based on the combination of selective nucleotides in each primer (EcoRI and MseI) and the size of the band. For example, AGG/CAT 1 refers to the first polymorphic band (bands numbered from high to low molecular weight) amplified with the primer combination EcoRI-AGG and MseI-CAT.
To analyze segregation of AFLP markers in A. candida, 20 AFLP primer combinations with two and three selective nucleotides at the 3 end were tested for polymorphism in the two parents (MiAc2-B5 and MsAc7-A1) and two bulks. Among those, the EcoRI-AA and MseI-CT primer combination (hereafter referred to as E-AA/M-CT) was selected and used to analyze genomic DNA of the 104 F 2 individuals from F 1 s (Cr2-5 and Cr2-7) of Cross-2 (Table 1) .
Data analysis. Chi-square values were calculated to compare the observed ratios of avirulent versus virulent infection phenotypes against Mendelian ratios of 3:1 that would be expected if the avirulence were controlled by a single dominant gene. Chi-square values also were used to compare the segregation ratios of AFLP markers, and P < 0.05 was selected as the level for rejecting the null hypothesis.
RESULTS

Parent isolates.
Hybrid progeny were distinguished from those originating by self fertilization because all the SPI derived from selfed parental isolates MiAc2-B1 and MiAc2-B5 were insensitive to metalaxyl, virulent to Burgonde, and avirulent to Torch ( Table 1) . Lack of segregation in the selfed progeny indicated that the parent isolates were homozygous for alleles controlling virulence and metalaxyl insensitivity. All SPI obtained from selfing the MsAc7-A1 parent were sensitive to metalaxyl, avirulent to Burgonde, and virulent to Torch, indicating that this isolate was homozygous for these traits. Therefore, both homozygous isolates MiAc2-B1 and MiAc2-B5 were used for crossing with MsAc7-A1.
Specific virulence of F 1 hybrids. Of 12 F 1 progeny derived from Cross-1, four (Cr1-9, Cr1-11, Cr1-12, and Cr1-14) were either avirulent to both differential cultivars or showed reduced virulence on Burgonde ( Table 1 ). The remaining eight F 1 progeny from Cross-1 (Cr1-1, Cr1-4, Cr1-5, Cr1-6, Cr1-7, Cr1-10, Cr1-13, and Cr1-15) did not differ in virulence from the parental isolate MiAc2-B1, suggesting that they probably resulted from self fertilization (Table 1) . Similarly, only four F 1 progeny in Cross-2 (Cr2-5, Cr2-7, Cr2-8, and Cr2-12) were avirulent to both Torch and Burgonde. No isolates virulent to both of these cultivars were recovered from either of the two crosses, suggesting that avirulence was dominant.
Segregation of avirulence or virulence in the F 2 populations. To test the hypothesis that avirulence was dominant and controlled by a single gene, three F 2 populations derived from Cross-1 (Cr1-9, Cr1-11, and Cr1-14) and three F 2 populations from selfing of F 1 progeny of Cross-2 (Cr2-5, Cr2-7, and Cr2-8) were tested for virulence on Torch. The segregation for avirulence fit a ratio of 3:1 (avirulent/virulent) on Torch for all six F 2 populations, indicating that avirulence in Ac2 appears to be governed by a single, dominant gene (Table 2) .
Confirmation of F 1 hybrids with RAPD markers. Of the 300 RAPD primers tested, only 27 (9%) showed polymorphism between the two parental isolates. The molecular size of the markers ranged from 0.5 to 2.6 kb. To confirm the putative F 1 hybrids, identified by phenotypic screening, a marker that produced a band in MiAc2-B5, but not in MsAc7-A1, always was tested with a second marker, which produced a band in MsAc7-A1 but not in MiAc2-B5. Primers used for this purpose included UBC415, which amplified two bands (Fig. 1) , one specific to MiAc2-B5 (2.0 kb) and another specific to MsAc7-A1 (0.8 kb). Other primers used that were specific to MiAc2-B5 were UBC733 (1.6 kb) and UBC792 (1.6 kb). The 10 F 1 progeny, derived only from Cross-2, were analyzed and 4 F 1 progeny (Cr2-5, Cr2-7, Cr2-8, and Cr2-12) exhibited bands from both parents, confirming the phenotypic data that these isolates were hybrids (Fig. 1) .
Segregation of AFLP markers in F 2 populations. Segregation of an AFLP marker combination (E-AA/M-CT) was determined in the 104 F 2 individuals from Cross-2 (Fig. 2) . Four AFLP markers (E-AA/M-CT-2, E-AA/M-CT-4, E-AA/M-CT-5, and E-AA/M-CT-6) were polymorphic and segregated in regular Mendelian fashion. The segregation ratios fit 3:1 for presence or absence of the marker in combination or individually (Table 3) .
DISCUSSION
This research demonstrated that A. candida, a homothallic oomycete, could form hybrids between genetically distinct isolates via co-culture. This phenomenon has been described in other homothallic oomycetes (31, 35) after its first demonstration in Pythium ultimum (11) and it is important to report that this also can happen in A. candida.
Analysis of F 2 populations showed that avirulence against Torch segregated in 3:1 ratios, indicating that a single locus apparently controlled avirulence against Torch. This was consistently observed in F 2 populations derived from all six F 1 hybrids from two crosses. Thus our hypothesis is that there is a single dominant gene in race Ac2 to confer specific avirulence to Torch. We are designating this first putative avirulence gene AvrAc1. Segregation of avirulence also has been reported in Phytophthora infestans (29, 30) , Peronospora parasitica (10), and Phytophthora sojae (31, 34, 35) . In another oomycete, Bremia lactucae, which causes lettuce downy mildew, a number of single dominant avirulence genes have been identified, which segregated in regular Mendelian fashion (3, 14, 22, 24) .
Segregation data indicated that host resistance to race Ac2 of A. candida in Brassica rapa cv. Torch is controlled by two dominant Primer UBC415 amplified two bands: upper arrow specific to MiAc2-B5, and lower arrow specific to MsAc7-A1. Four F 1 hybrids, Cr2-5, Cr2-7, Cr2-8 and Cr2-12, display both parent-specific RAPD bands.
genes (15) . It is not known whether these two genes are the same major resistance gene or closely linked genes. It is possible that both genes in Torch were involved in the specificity to recognize a single avirulence gene in A. candida, identified in crosses of race Ac2 and Ac7 (15) . Genetic control of avirulence by a single gene is common in many plant-pathogen interactions (6) . Generally, avirulence genes determine specificity to individual resistance genes and support the gene-for-gene hypothesis (9) . Previous suggestions of a gene-for-gene relationship between Brassica spp. and A. candida (15, 19, 20) are supported by the present data. Hybridization between pathogenic races of A. candida probably occurs frequently in nature, provided suitable host genotypes are present (28) . Outcrossing in the field would be expected to recombine genetic variability in A. candida populations. In another oomycete, Pythium ultimum, sexual populations were observed to be more genetically diverse than asexual populations, and a higher level of genetic variation corresponded to greater diversity in specific virulence (11) . Our study has shown that hybridization between two races of A. candida can occur under greenhouse conditions. The frequency of recombinant isolates was 33% for both Cross-1 and Cross-2 after elimination of the metalaxylsensitive parental selfs. Thus, assuming a similar frequency of selfing in the metalaxyl-insensitive parent as occurred in the metalaxyl-sensitive parent, 20% of the F 1 isolates were hybrids and 80% were parental types resulting from selfing. A very high frequency mitotic gene conversion ( 5 × 10 -5 per locus per nucleus per generation) also was observed in a cross P6497 × P7064 of P. sojae (2) . It was further suggested that this mechanism would result in a large reservoir of diversity within an individual thallus that could facilitate a strain to adapt to new environmental challenges (2) .
We hypothesized that F 1 hybrids could be obtained directly by treating with metalaxyl to eliminate of MsAc7-A1, then inoculating onto B. rapa cv. Torch to eliminate the MiAc2-B1 or MiAc2-B-5 isolates. Anything surviving should be an F 1 hybrid, assuming that both virulence and metalaxyl resistance are at least semidominant. In the present study, 4 of 12 progeny (33%) were F 1 hybrids from both Cross-1 and Cross-2. Approximately 67% of F 1 progeny of our crosses were isolates of Ac2, but no Ac7 was detected. The data presented here, together with those of Tyler et al. (31) and Whisson et al. (34, 35) , suggested that this obligate fungus, A. candida, is capable of producing hybrids in vivo when different races are co-inoculated together. Compared with heterothallic fungi such as P. infestans and P. parasitica, homothallic isolates of A. candida also can form oospores readily by selfing and individual strains should be homozygous, as a result of repeated selfing. It is advantageous to use genetic markers to identify F 1 hybrids among the progeny in this species. Here, we used RAPD markers to confirm the phenotypic screen used to identify F 1 hybrids in A. candida. RAPD data showed that all F 1 hybrids contained alleles from both parents. Several studies have been conducted to investigate genetic analysis of P. sojae to confirm the F 1 -hybrid nature of the progeny by different genetic markers (1, 31, 35 values in excess of 95% significance levels (3.84 for two classes) are marked with an asterisk. c Combined probability; ns = not significant. parasitica isolates (10) . In the present study, we analyzed 10 F 1 progeny from Cross-2 to confirm putative hybrids of A. candida with RAPD markers.
The polymorphic nature of RAPDs and segregation ratios of AFLP markers in the F 2 individuals from two populations analyzed in this study indicated that the three parental isolates were homozygous for the markers tested. Tyler et al. (31) and Whisson et al. (35) also observed no evidence for heterozygosity in their crosses of P. sojae. However, these observations do not rule out that F 1 hybrids may undergo frequent gene conversion resulting in some genetic markers becoming homozygous during vegetative maintenance. Changes from heterozygosity to homozygosity occur at high frequency during vegetative growth of certain P. sojae hybrids (2) . It was further suggested that high-frequency mitotic gene conversion rapidly converts heterozygous loci to homozygosity, resulting in heterokaryons containing highly diverse populations of diploid nuclei (2) .
PCR-based technology has been successfully applied to detect genetic variation and linkage groups of many plant-pathogenic fungi, including obligate fungal pathogens of agriculturally important crops, even though the difficulty of collecting tissue imposes constraints on the number of individuals sampled. Both RAPD and AFLP markers have been used recently in a wide range of studies, including mapping of disease resistance genes in hosts and avirulence genes in plant pathogens. Although different molecular marker systems have been used successfully to investigate genetic analysis in other oomycetes (10, 14, 31, 34, 35) , no attempt has been made to examine segregation of molecular markers in A. candida until now. In this study, RAPD markers showed an unusually high frequency of biased segregation in two F 2 populations derived from different F 1 s from the same cross (data not shown). Thus, the main goal of this research was to find suitable polymorphic AFLP markers for genetic analysis of A. candida. We selected an AFLP primer combination, EcoRI-AA/MseI-CT, which was polymorphic between two parents and bulks, and was used to analyze the two F 2 populations from F 1 hybrids of Cross-2. The segregation of four AFLP markers analyzed in this study showed normal segregation ratios. Several groups working on oomycetes also found that molecular markers segregated in a Mendelian fashion (14, 30, 34, 35) . For segregation of genetic markers, F 2 individuals from two F 1 hybrids (Cr2-5 and Cr2-7) from Cross-2 were tested. Analysis of other F 2 individuals from F 1 hybrids from Cross-1 and Cross-2 with AFLP markers will be required to demonstrate whether there is normal segregation or biased segregation in those populations. We also are in the process of developing F 3 populations by selecting the avirulent F 2 progeny and applying AFLP markers to construct a genetic linkage map of A. candida based on F 3 populations. This would help us to place AFLP markers on the linkage map and to identify closely linked genetic markers to the putative avirulence gene AvrAc1, identified in this study, and other avirulence loci.
